This paper aims at improving the performance of caps' pressing process using Taguchi-grey relational analysis. Five main quality characteristics were considered, involving cap's height, inner diameter, outer diameter, angle, and plastic weight. The individual and moving range control charts were constructed for each quality characteristic. Then, process capability analysis was then carried out to assess process performance at initial process factor settings, at which the process was found incapable in producing conforming caps for some quality characteristics. Thus, the Taguchi's designed experiments were employed to provide experimental layout followed by the grey relational analysis to determine the combination of optimal factor settings. Results showed significant in almost all the five quality responses and thereby resulted in huge production and quality cost savings.
Introduction
Because caps can withstand corrosive chemicals, plastic caps find extensive use for bottles used in packaging cosmetics, carbonated drinks, drugs, chemicals, and adhesives. The metal cap under study is depicted in Figure1. The caps' production line starts by cutting the rolls into sheet metals using big slitters. The metal sheet is covered with white licker (stick varnish). The production rate of this process is 5300 sheets per hour. The sheet metals are then turned over (white face) using a turnover machine to be ready for the next stage. Next, the printed sheets are moved to the pressing machine to form the caps, the pressing machine carries out twenty seven pressed crown caps. Caps are finally transferred to plastic injection and packaged. Five quality characteristics are of main importance to produce quality caps, including height, inner diameter, outer diameter, angle, and plastic weight, where nonconforming caps result in considerable manufacturing and quality losses. This research, therefore, aims at improving the performance of production process of bottle caps with five quality characteristics. The Taguchi method is widely applied because of its proven success in improving the quality of manufactured products for a single quality characteristic (Al-Refaie, 2014a,b,c) . In reality, products are manufactured with multiple built in quality characteristics of main customer interest (Al-Refaie et al., 2009; Al-Refaie, 2012) . Several optimization techniques were employed in previous studies to optimize process performance (Al-Refaie, 2015; AlRefaie et al., 2016; Al-Refaie, 2017) . Among them, the grey relational analysis based on the grey system theory (Deng, 1982; Tsao, 2009) can be utilized for solving complicated interrelationships among multiple quality responses (Deng, 1989; Al-Refaie, 2010) . This method has been employed to optimize performance in a wide range of business applications. For example, Jiang et al. (2002) applied machine vision-based grey relational theory to IC marking inspection. Lin et al. (2002) optimized the EDM process based on the orthogonal array with fuzzy logic and grey relation analysis method. Fung (2003) optimized manufacturing process for wear property of fiber-reinforced polybutylene terephthalate composites with grey relational analysis. Huang & Liao (2003) optimized machining parameters of Wire-EDM bases on grey relation and statistical analysis. Tosun (2006) . Determination of optimum parameters for multi-performance characteristics in drilling by using grey relational analysis. Nalbant et al. (2007) applied Taguchi method in the optimization of cutting parameters for surface roughness in turning. Pan et al. (2007) optimized multiple quality characteristics via Taguchi method-based grey analysis. Kuo et al. (2008) used grey relational analysis in solving multiple attribute decision-making problems. Somashekhar et al. (2011) conducted multi-objective optimization of micro wire electric discharge machining parameters using grey relational analysis with Taguchi method. Kacal & Yıldırım (2013) applied grey relational analysis in high-speed machining of hardened AISI D6 steel.
This research, therefore, utilizes the grey relational analysis for optimizing the performance of the manufacturing process of bottle caps for multiple quality characteristics. The research results are valuable to process engineering by determining the combination of optimal process factors settings that result in quality as well productivity improvement. The remaining of this paper is outlined in the following sequence. Section 2 present the method. Section 3 implements the grey relational analysis for process improvement. Section 4 summarizes research results. Finally, Section 5 summarizes research conclusions.
Method

Control Charts
The control chart contains a center line (CL), upper control limit (UCL), and lower control limit (LCL). Two rows of caps are produced by a single presser stroke; row A includes fourteen caps, while row B contains thirteen caps. Twenty samples; each of which contains two rows, are randomly selected then the five quality characteristics; height (mm), inner diameter (mm), outer diameter (mm), angle (degrees), and plastic weight (grams), are measured on each cap as shown in Figure 2 . The height of cap is measured using the Deal Gauge comparator. According to the specification the height shall fall between 5.93 mm and 6.07 mm. The inner and outer diameters of the crown cap are measured using the Digital Vernier caliper. According to design, specifications of the inner diameter are limited between 26.7 and 26.9 mm, while the outer diameters of cap are limited between 31.9 and 32.3 mm. The angle of crown cap is limited between 12 and 18 degrees. Finally, the plastic weight is measured using the balance. The specification limits for the plastic weight is between 0.18 and 0.20 grams. The individual and moving range (I-MR) control charts are the constructed for each quality characteristic because of the repeated measurements on the samples differ due to laboratory or analysis error, and multiple measurements are taken at distinct locations on the same unit of product. For example, the I-MR control charts of cap's height for sample of rows A and B are shown in Figure 3 . It is noticed that no point falls outside the LCL and UCL for both charts. In addition, no significant pattern or run is observed in these charts. Consequently, the process is concluded to be in statistical control for height. Similar conclusions are obtained from I-MR control charts of the inner diameter, outer diameter, angle, and plastic weight. 
Process Capability Analysis
Tables 1 and 2 display the quality characteristics' summary of control charts' parameters for row A and B, respectively. The process capability analysis is an engineering study to estimate process capability. The estimated process capability ratio,ˆp C , first introduced as:
where USL and LSL denote the upper and lower specification limits, respectively and σ is sample standard deviation for process. The process has both upper and lower specification limits. For one sided specifications, the one-sided capability index is defined as: Process capability ratio for an off-centered process,ˆp k C , is defined as:
The ˆp k C estimates the process capability when the estimated process mean,μ , is not centered between the specifications limits. To calculate the process capability ratio, the quality characteristic should be normally distributed. Tables 3 and 4 display the quality characteristics' summary of process capability indices for row A and B, respectively. Table 3 , it is noted that the process for row A is only found capable for y 2 and y 4. However, it is incapable for y 3 and y 5 , critically capable for y 1 . While in Table 4 for row B, the process is judged capable for y 2 , y 3 , and y 4 . But it is found incapable for y 1 and y 5 . These results urge to conduct process improvement to enhance caps quality and save significant production and quality losses.
Process Improvement
A designed experiment is extremely helpful in discovering the key variables influencing the quality characteristics of interest in the process, it is also an approach to systematically varying the controllable input factors in the process and determining the effect these factors have on the output product parameters. Statistically designed experiments are invaluable in reducing the variability in the quality characteristics and in determining the levels of the controllable variables that optimize process performance. The main factors affecting the crown caps quality characteristics are temperature of the cooling system in the whole machine (x 1 ), Machine production rate (x 2 ), extruder speed (x 3 ) ,and temperature of water to cool the punches (x 4 ). Four factors each at three levels will be investigated for the crown caps, Taguchi ) is utilized to conduct the designed experiments (Phadke, 1989; Taguchi, 1995) . Current settings for the crown caps production machine are: Temperature of the cooling system at 3 C o , production rate of 2200 pc/min, Extruder speed of 30 rpm, and Temperature of water of 3 C o . The factor levels will be listed in Table 5 . Table 5 . Physical values of process factor levels.
The experimental work was conducts utilizing the factor level combinations suggested in the L 18 (2 1 ×3 7 ) array. The resulted response measurements are summarized in Table 6 . The proposed procedure for optimizing the crown caps production process is outlined in the following steps:
Step 1: Calculate the signal-to-noise (S/N, η ij ) ratio for each quality characteristic. s are the sample mean and variance, respectively at experiment i.
Step 2: It is necessary to normalize the S/N ratio before using relational grey analysis. Normalize ηij, to avoid the effect of adopting different units of the five quality characteristics. Step 3: Calculate the grey relational coefficient,
where ζ is the distinguishing coefficient, which defined in the range [0, 1] and it is commonly set 0.5. Table 8 displays the values of the deviations and grey relational coefficients of each quality response for all experiments.
Step 4: Generate the grey relational grade, γ , as follows: Table 10 , where the optimal combination of factor settings is identified as x 12 , x 22 , x 32, and x 42 . While the combination of factor settings at initial factor settings is x 13 , x 21 , x 33, and x 42 . The sum of grey grades at initial levels was calculated and found to be 1.9871. The anticipated improvement in the mean grey grade by using the combination of optimal factor settings is calculated and found to be 0.1729. Table 8 . Calculated values of the deviations and grey relational coefficients. * Initial factor and optimal levels are bolded and underscored, respectively. Table 11 displays the anticipated improvements in the five quality responses. It is found that, by setting the factors at optimal setting identified using the grey relational analysis, the anticipated improvements (dB) in the cap's height, inner diameter, outer diameter, angle, and plastic weight are calculated and found to be 1.06, -18.11, 1.94, 22.22, and 2.67, respectively. Accordingly, the process factors are suggested to be set as follows: temperature of the cooling system (x 1 ) at 4 degrees, production rate (x 2 ) of 1900 piece/minute, extruder speed (x 3 ) at 35 rpm, and temperature of water (x 4 ) of 3 C o . Such improvements will result in significant savings in production and quality losses. 
Results
Conclusions
In this research, the grey relational analysis is employed to optimize caps' manufacturing process for multiple quality characteristics; height, inner diameter, outer diameter, angle, and plastic weight. Four process factors are studied utilizing the Taguchi's orthogonal L 18 array. Optimization results showed that the optimal setting of temperature of the cooling system, production rate, and extruder speed. At these settings, the anticipated improvements (dB) in the cap's height, inner diameter, outer diameter, angle, and plastic weight are estimated 1.06, -18.11, 1.94, 22.22, and 2.67, respectively. The results of this research provide valuable assistance to production engineers on how to enhance the capability of cap's process and improve its quality.
